Purpose: An in vitro study was performed to assess the effect of different degrees of clinical reduction of zirconia abutments on the failure load of clinical assemblies. Materials and Methods: Zirconia abutments (Y-TZP Ceramic Abutment, Astra Tech) were prepared with 0, 0.5, or 1 mm of external axial reduction starting 1 mm above the height-of-contour. Abutments (n = 10) were attached to implant analogs (25 Ncm torque) embedded in a stainless steel cylinder using Field's metal. Fracture loads (N) were determined when assemblies were loaded at 60
Contemporary expectations for dental implant performance include the delivery of esthetically pleasing restorations. Among the factors affecting dental implants esthetics is the choice of abutment type and material. Often, prefabricated components cannot provide refined morphologic enhancement of dental implant esthetics, and modification by additive or subtractive methods is required. One option for esthetic dental implant restorations is the selection and modification of a zirconia abutment.
While other materials including titanium, cast gold, and alumina can be used to create abutments of custom form through preparation, 1 titanium abutments can create an unesthetic blue hue from light reflections of titanium shining through the tissues. [1] [2] [3] Abutments of milled or as-sintered alumina overcome this esthetic problem 4, 5 and provide favorable biocompatibility, perhaps illustrated by fibroblast adherence. 6 Alumina and now zirconia abutments are of increasing popularity because of their light transmittance quality and color, as well as the reported high fracture resistance; [7] [8] [9] [10] [11] however, alumina fracture resistance (239 ± 83 N) is poor compared to titanium (324 ± 85 N) or zirconia (294 ± 53 N). 12−19 The reported strength of zirconia abutments reflects the manufactured component strength and requires examination of the clinical strength represented by the modified zirconia abutment. While an absolute minimal strength for abutments has not been defined, it is assumed that abutments should offer resistance to functional loading. Peak values for occlusal force in the incisal area are reported in the range of 90 to 370 N. 13, 14 A durable, esthetic restoration should resist such forces.
Although zirconia abutments for intraoral preparation are available for clinical use, there have been very few laboratory studies 1, 12, 15 investigating the fracture resistance of zirconia abutment assemblies. When unmodified zirconia abutments were tested to failure, they failed in the cervical portion of the abutment, adjacent to the gold screw and implant platform. 1, 15 The implant-abutment interface design plays a role in the observed failure. Internal implant abutment connections more widely distribute forces along the interface as compared with external hex designs. 16, 17 The aim of this investigation was to determine the effect of clinical abutment reduction on the strength of assemblies containing yttrium-stabilized zirconia abutments (Astra Tech, Inc., Waltham, MA).
Methods and materials
Thirty zirconia abutments (4.5/5.0 diameter, 5.5 mm, Astra Tech) were randomly divided into three groups of ten abutments:
(1) Group 1 was tested without modification (i.e., control). (2) Group 2 was modified to include a chamfer margin of 0.5 mm, 1 mm above the abutment height of contour, and 2.0 mm of occlusal reduction. (3) Group 3 was modified to include a chamfer margin of 1.0 mm, 1 mm above the abutment height of contour, and 2.0 mm of occlusal reduction.
All preparations were made using coarse diamonds (Twostriper, Premier, Plymouth Meeting, PA, 515.7, ISO 110, Lot 330) in a high-speed dental handpiece, under conditions of continuous air/water spray. All abutments were prepared by a single operator. Following preparation, the abutments were assembled with the analogs in stainless steel test mounts using titanium abutment screws that accompany each abutment, torqued to 25 Ncm using a dental implant torque wrench. Following modification, the dimension of each abutment was measured with a Boley gauge at the incisal, middle, and gingival third and was recorded. Abutments (n = 30, lots 21289, 22902) and analogs (n = 5, lot 12207) were provided by the Astra Tech.
For testing, each implant analog was first positioned with a stainless steel cylinder with the analog long axis parallel to the cylinders' long axes and fixed in place using Field's metal alloy (www.scitoys.com). Abutments were then connected to implant analogs for testing as described above. The implant analog/abutment screw/abutment combination is hereafter referred to as the assembly (Fig 1) . The cylinders with assemblies were placed onto a stainless steel holding apparatus, which was inclined at 30
• to the vertical, enabling loading at 60
• off-axis in a universal testing machine (Instron, Model 4411, Grove City, PA). To prevent inadvertent surface damage by the loading stylus on the zirconia abutment and to further control loading, a thin layer (0.1 mm) of Mylar film was inserted between the stylus and the abutment. A vertical load was applied to the incisal edge (crosshead speed = 0.1 mm/min, 25
• C) until failure. Fracture of the abutment was accompanied by an audible pop. Specimens were tested in order of groups, without special order within the groups.
The mean fracture loads for each group of prepared assemblies were compared (α ≤ 0.05, one-way ANOVA) using personal computer software (Analyse-It, www.analyse-it.com, Leeds, UK). A regression analysis was used to determine the amount of abutment reduction that could be achieved while maintaining acceptable fracture resistance.
Correlation among the calculated volumes of remaining material and fracture strength was assessed. Abutment volumes from the preparation line to the incisal portion were determined using the formula for a truncated cone, V = (πh/12)(
, where V is the truncated cone volume, h is the height of the truncated cone, D is the diameter of the base, and d is the diameter of the top of the cone. The abutment was assumed to be two stacked, truncated cones with the top cone starting at the prepared portion of the abutment. No correction was made for the internal threaded portion or the tapering ceramic tail of the abutment.
Results
The preparation of zirconia abutments was achieved without material failure; however, during preparation of the zirconia abutments, the zirconia seemed to wear the metal bur, and sparks were also commonly observed. The actual amount of axial reduction for individual abutments was measured (Table 1) , and mean volumes of reduction were calculated (Table 2) . Fracture loads for all assemblies displayed large variations within groups. There were no statistically significant differences (p > 0.05) among different abutment groups. There was no correlation (r 2 = 0.0619) among the calculated volumes of remaining material and fracture strength.
Assembly using torque controllers also occurred without damage to the unmodified or modified abutments. During the testing procedures, all screws became loose, despite being tightened to 25 Ncm immediately prior to loading. Fracture occurred for all abutments, and all fractures occurred at the abutment/analog interface (Fig 2) . Analogs were inspected visually after each run to ensure no deformation occurred and were no longer used when deformation was suspected.
A specific pattern of load-to-failure was demonstrated by all of the specimens tested. A typical direct loading curve for a prepared abutment assembly revealed four distinct regions. The first region, representative of initial loading of the assembly, indicates deformation of the abutment. The second region was attributed to deformation of the abutment screw. The third region represented abutment fracture. The fourth aspect of the curve represents the load returning to zero after the abutment fracture (Fig 3) . Preparation of the abutment did not change this general pattern. The loads present at the inflection points representing these regions were measured and attributed to a contribution to the assembly by the abutment, screw, or the implant analog (Fig 4) . Although the actual dissection of the events in the assembly tests could not be done, the distinct regions and inflection points are extrapolated by the authors. No conclusions are actually being drawn from this respect.
Discussion
The main finding of this study was that the overall strength of the assemblies including zirconia abutments was not affected by the wet chamfer preparation of the abutment. There was no statistically significant difference in the average values. The average values of each group were at least 15% higher than the highest average force reported in the literature (370 N vs. 435 N). 13, 14 Failure of the abutments occurred in the model at forces that exceed typically cited values for anterior tooth Reduction was measured at the incisal, middle, and cervical thirds. Measurements were then compared to the group aim of reduction. The abutment and screw strengths were extrapolated from their load deformation curves. The final assembly strengths were also taken from the load-deformation curve just as the abutment broke. function and for relevant all-ceramic crowns. This in vitro estimate of preparation effects on the zirconia abutment strength suggests that modest preparation for chamfer design crowns is possible. Figure 4 Peak load for each portion of the load-deformation curve depicted in Figure 3 for each assembly group. The strengths for the abutment and screw were extrapolated from the load-deformation curves for each group. It can be seen that as the abutment is prepared, the actual strength of the abutment will decrease. The screws in the prepared groups both have the same strength values. The assembly values are not significantly different from each other (p > 0.5) when the system works as a whole.
This general conclusion requires careful consideration of the present model system. First, this model tested a dental material (zirconia) in a static manner. Second, the abutment assembly was oriented to test only the fracture of the zirconia abutment. The results, however, showed that the screw inside the abutment might have played a considerable role in the final strength values. During preparation of the specimens, an effort was made to ensure that the amount of material removed was uniform and that all specimens were treated equally. Abutments provided by the manufacturer for these tests did have different lot numbers but were presumed to be identical.
Hand preparation was controlled as practically as feasible; however, variability in the data may reflect the reality of clinical abutment preparation (e.g., duration, force, and direction of preparation, diamond bur conditions, single operator). In addition, the simulation used stainless steel implant analogs instead of titanium implants. Analog failure was not observed by SEM, and internal deformation of the analog may have occurred prior to visualization. Irrespective of these concerns, screw deformation suggests the abutment screw was the first element of the assembly affected by this progressive loading protocol.
Some authors have reported that the use of gold screws and a controlled torque should reduce the rate of failure as com- pared to titanium screws. 12, 19 Here, a titanium retaining screw provided by the manufacturer was used throughout the current study. This was the original hexed screw with a square head (Fig 5) . A previous study found that in 63% of specimens, abutment screw deformation occurred, despite the use of a gold screw. 12 It was also reported that no screw loosening was found after fatiguing the zirconia specimens. Fracture loads reported for fatigued zirconia abutments were 294 ± 53 N. 12 In the present study, all titanium screws were loose after static loads were applied. This could be due to the plastic deformation of the titanium screw occurring over a longer period of time (cross head speed (CHS) = 0.1 mm/min compared to 1.5 mm/min), 12 as well as other factors, such as the lack of an excellent fit into the analog.
Yildirim et al 1 tested external hex implant connections, and Mitsias 15 tested conical seal design implant connections, and both found that when zirconia abutment assemblies failed, they failed at the cervical portion of the abutment, near the gold screw and platform of the implant. This area has been presumed to be an area of the highest torque and stress concentrations due to the levering effects.
1 A common location of failure near the screw head seat in the abutment is suggested by the current data. Chamfer preparation of the abutment did not affect the location or force magnitude required for failure.
This investigation did not include a full veneer crown in the model system. Other authors 1 included crowns over the zirconia abutments and found the zirconia abutment failed in 40% of the specimens prior to either the all-ceramic crown fracturing or the gold screw bending. A crown may act to stress shield the abutment from the effects of the load, thereby allowing a larger load to be applied before failure is noted, although the effects of the cement and restoration on stress-shielding and/or blunting of any surface defects on the abutment were not examined in this study. This could explain the lower forces resulting in failure in this study than in previous reports (from 547 to 788 N). 1, 15 There is concern that microdamage accumulation during abrasive reduction of zirconia abutments could account for the reduced strength and be a cause of clinical failure. In this evaluation, high speed, water-cooled diamond bur preparation of the abutments was performed. It has been argued that water irrigation has the effect of increased preparation efficiency by cleaning the debris away from the abrasive particles on diamonds. 20 The extrapolated flexure strength of the control group of the zirconia abutment was not statistically different from either of the experimental groups; however, its values were considerably higher. Calculations were done to correct the results on the basis of the total remaining volume of the abutment versus the flexural strength; however, no correlation was observed (r 2 = 0.0619).
There have been no published clinical trials evaluating the clinical outcomes of therapy using zirconia conical seal design abutments; however, a clinical trial using the CerAdapt alumina abutment found that 12% of the abutments failed before loading, and 7% failed after 7 months. The same clinical trial reported 100% success with CeraOne titanium abutments. 5 Ultimately, concerns regarding the clinical utility of a zirconia abutment require long-term clinical evaluation. At present, the use of a zirconia abutment that includes modification may be considered feasible. Modification using wet, high-speed preparation is advocated.
Finally, it would be worthwhile to examine the fatigue behavior of this assembly at loads much lower than the failures observed here. Repetitive cycling at low loads produces small amounts of plastic deformation that accumulate over many cycles and produce failures far below the static elastic limit of a material or assembly. Fatigue cycling of the current assembly from loads 0-40% of failure levels (∼200 N) for several million cycles would be the ideal approach to examine this effect, but this experiment is not practical. Alternatively, the assembly could be loaded for 100,000 cycles at 1 cycle/sec, which would only take a few days, and then tested to failure to disclose the impact on altering the original load-deformation failure curve for the assembly. This type of analysis has been used before for testing assemblies of cemented crowns.
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Conclusions
Within the limitations of these experiments, the following could be concluded:
(1) Margin preparation, with irrigation, of the tested abutments up to 1.0 mm did not adversely affect the fracture strength of abutment assemblies. (2) The weakest point of the abutment assemblies seemed to be the abutment/analog interface.
